Introduction
The binding of alkenes to copper(I) has been proposed as an important step in a variety of chemical processes, for example, in alkene aziridination and cyclopropanation, and in conjugate additions to , -unsaturated ketones.
under reduced pressure, while its methylated analogue oxidises upon exposure to air. [2] This finding is counterintuitive when considering the different levels of back-bonding in the complexes. Recently, York and co-workers published a DFT study on the impact of ancillary ligand basicity on copper(I)-ethylene binding interactions. [14] They report that both charge-transfer and non-charge-transfer components are affected by the basicity of the ligand. While copper ethylene back-bonding increases with increasing ligand basicity, polarisation and frozen density terms simultaneously become less favourable, resulting in little overall binding energy changes with alteration of ligand basicity.
Some reported reactions in which a copper(I)-alkene interaction is postulated use copper(I)-N-heterocyclic carbene (NHC) complexes. [15, 16] To the best of our knowledge, interaction of an alkene with a copper(I)-NHC complex has not been previously observed in the solid state. The strong -donating property of NHCs may result in low favourable polarisation and a more repulsive frozen density term. Understanding the nature of the copper(I)-
NHC interaction and its effect on copper(I)-alkene binding is imperative in the development of copper(I)-NHC
complexes for use in catalytic processes which rely on alkene coordination to the copper centre. Herein, we report on the syntheses and full characterisation of copper(I)-NHC complexes in which the NHC ligands contain an alkene substituent. The first structurally characterised copper(I)-NHC containing a copper(I)-alkene interaction is described.
Results and Discussion

A potential strategy for the stabilisation and examination of a copper(I)-alkene interaction in a copper(I)-NHC
complex is to use a hemilabile alkene substituent on the NHC ligand itself. Imidazolium ligand precursors 1a-1e
were prepared using established procedures, and fully characterised ( Figure 1 ) (see ESI). [17] [18] [19] All of the ligands possess either one or two N-allyl substituents, and have a variety of substituents with different steric and electronic properties on the second nitrogen atom.
Copper(I)-NHC complexes can be synthesised using a range of methods including i) deprotonation of an imidazolium salt using a strong base followed by coordination to a metal, [20] [21] [22] ii) transmetallation from the corresponding silver(I)-NHC, [23] iii) deprotonation of the imidazolium and coordination in situ using a basic metal precursor [24] and iv) electrochemical reduction of the imidazolium and metal coordination. [25, 26] Reaction of compound 1b with a base (tBuOK) in the presence of CuBr resulted in the desired product, in addition to two allyl rearrangement products (see ESI). [27] As the allyl substituents appear to be sensitive to strong bases, the coordination of ligands 1a-1e to copper(I) was therefore achieved via deprotonation and coordination in situ using copper oxide (Scheme 1).
Complexes 2a-2e were fully characterised using NMR spectroscopy, mass spectrometry and elemental analysis, which all support formation of complexes of the type Cu(NHC)Br. Complexes 2a, 2b, 2d and 2e were further examined using X-ray crystallography. Complex 2a crystallises as a centrosymmetric ( -Br) 2 -bridged dimer ( Figure 2 ). The central (CuBr) 2 core is slightly asymmetric, with Cu-Br bond lengths of 2.44 and 2.46 Å respectively. The (CuBr) 2 core forms a plane with a torsion angle of approximately 24° with respect to the plane defined by the benzimidazol-2-ylidene rings. The Cu-C bond length, at 1.91 Å, is normal for this type of complex. [24, 25, 28] Complex 2b crystallises as a dimer with a weak though unusual cuprophilic interaction (Cu---Cu = 2.74 Å) ( Figure 3 ). These types of interaction are usually observed due to the bidentate nature of a ligand bringing the copper centres into close proximity. Cuprophilic interactions in complexes lacking a bidentate ligand are less common than their argentophilic and aurophilic analogues, though some examples have been described in the literature. [29] [30] [31] [32] It is evident from the solid state structure that distortion of the C-Cu-Br bonds (to 169.8° and 167.7°) away from linearity occurs, presumably as a result of the cuprophilic interaction. The Cu-C bond lengths of 1.91 and 1.92 Å are within the usual range for copper(I)-NHC complexes, as are the Cu-Br bond lengths (both 2.28 Å). [24, 25, 28] This indicates that the cuprophilic interaction does not significantly modify the electronic properties of the copper(I) centres.
Complex 2d crystallises with a rather unusual distorted trigonal coordination geometry as a Cu(NHC) 2 Br-type complex ( Figure 4 ). This type of complex has been observed previously in only two other examples. [21, 33] The structure is somewhat unexpected, especially given that elemental analysis gives a ratio of 1:1 NHC:CuBr. Due to the labile nature of copper(I)-NHCs, it is possible that transmetallation occurs during crystallisation giving 1 mole equivalent of the Cu(NHC) 2 Br and 1 mole equivalent of CuBr. The trigonal geometry is surprising, especially considering the steric bulk of the mesityl wingtip groups. The bulky mesityl groups act to widen the C-Cu-C bond angle (151.1°), which in turn decreases the C-Cu-Br bond angles (103.3° and 105.6°) and also forces the bromide further from the copper(I) centre (Cu-Br = 2.62 Å) in order to relieve steric congestion. This value for the Cu-Br bond is rather long compared to literature precedent, and may also be caused to some extent by the strong -donor effect of the two NHCs coordinated to the copper(I) centre. The Cu-C bond lengths, at 1.93 and 1.94 Å, are slightly elongated with respect to the values observed in the previous structures, though compare favourably with those reported previously by Albrecht (1.930(2) Å) [21] and Lavoie (1.935(3) Å) for their Cu(NHC) 2 X (X = halide)
complexes. [33] The copper(I) centre in complex 2e is 2-coordinate with an approximately linear geometry (172.1°) ( Figure 5 ).
The Cu-C and Cu-Br bond lengths, at 1.92 and 2.28 Å, are within typical ranges for this type of complex. The 2-methoxyphenyl ring is twisted with respect to the plane defined by the NHC ring by approximately 47°. This would act to prohibit -overlap between the methoxyphenyl and NHC rings, resulting in the highly -electron donating OMe group having little electronic effect on the NHC.
The steric properties of the ligands of 2a-2e have been varied, which results in a range of interesting structures that differ significantly around the copper(I)-centres. However, it has not facilitated any copper(I)-alkene coordination. The ligand precursors described vide infra were therefore appended with 2-pyridyl N-substituents. It was anticipated that this would modulate the electronic properties of the NHC, in addition to providing the opportunity for metal chelation. The complexes formed from these ligands are fascinating in their own right.
Moreover, they allowed the isolation of the first example of a structurally characterised copper(I)-NHC containing a copper(I)-alkene interaction.
Ligand precursors 1f-1i were prepared and fully characterised using NMR spectroscopy, mass spectrometry and elemental analysis. [34, 35] These ligands offer the possibility of chelation by binding to the metal centre through both the carbenic carbon and pyridyl nitrogen, with ligand 1i having two potential NHC donors. In the solid-state structures of imidazolium salts 1f, 1g and 1i, the pyridyl and imidazolium rings lie almost coplanar, which acts to increase -overlap between the two ( Figure 7 ). This significant -overlap between the two aromatic systems results rearrangement reactions to occur, but is strong enough so that deprotonation of 1f can occur. After work-up, a yellow solid was obtained (2f') which was fully characterised by 1 should be taken when interpreting the ESI+ mass spectra of copper(I)-NHC complexes, since their labile nature can lead to ligand scrambling resulting in the appearance of bis-NHC species in samples of pure mono-NHC compounds. This ligand scrambling behaviour is well documented for silver(I)-NHC complexes. [38] Complex 2f' is proposed to be an ionic complex on the basis of its poor solubility in common organic solvents (e.g. dichloromethane, chloroform, tetrahydrofuran), but its slightly better solubility in the more polar acetonitrile. A similar observation was made previously for a related complex by Danopoulos. [24] The broadening is attributed to non-rigidity in solution, although it is suggested that an equilibrium involving mono and bis-NHC complexes could be contributing to broadening. It is notable that the protons whose resonances are most broadened are those in closest proximity to the metal coordination environment (i.e. nearest the carbenic carbon and pyridyl nitrogen). On this basis, it is proposed that the spectral broadening is caused by coordinative lability at the copper(I) centre, which may invoke mono and bis-NHC complexes as well as mono-NHC dimers. Indeed, from a slightly different ligand, Danopoulos was able to characterise two different complexes (a dimer and a polymer) in the solid state which could be formed selectively by varying the crystallisation conditions.
Elemental analysis on a sample of 2f strongly indicated that the target Cu(NHC)Br had been successfully Alkene coordination in complex 2f results in a pronounced lengthening of the alkenic C-C bond from 1.33 Å (1f) to 1.37 Å (2f). The coordination of the alkene to the metal centre appears to have been facilitated by the addition of the pyridyl group to the NHC ligand, which acts as both an ancillary donor and also as a modifier of the electronic properties of the NHC donor. With this in mind, it is unsurprising then that many of the structurally characterised copper(I)-alkene complexes reported thus far contain chelating N-donor ligands such as tris(pyrazolyl)borate. [2, 39] The exact role of the pyridyl in enabling alkene coordination to the metal centre in this case is unclear however; it may be altering the properties of the copper(I) centre directly by coordination to it, or it may be indirectly affecting the copper(I) centre by modifying the donor ability of the NHC (decreasing the energy of the LUMO). Complex 2g crystallised as a monomer, with the coordination environment around the copper(I) centre best described as distorted T-shaped. A similar coordination environment has been reported previously by
Danopoulos. [24] The extended structure of 2g shows that alkene coordination is switched off by addition of the nitro group, with the closest approach of an alkene to the copper(I) centre occurring at a distance of 5.23 Å. The alkenic C-C bond at 1.32 Å is shorter than in complex 2f (1.37 Å), and closer in length to the ligand precursor 1g To examine the effect of an extra NHC donor on copper(I) coordination, a symmetrical bis-NHC analogue of 1f was synthesised (1i). Complexation of 1i to copper(I) was attempted using the procedure described for the synthesis of 1f', rather than going via the silver(I)-NHC complex, since bis-imidazolium salts are known to require more forcing conditions when reacting with Ag 2 O. [40] The solubility of the product was reasonably poor, although 1 H and 13 C{ 1 H} NMR spectra with good signal to noise ratios could be obtained at elevated temperatures (333.6
K) with a large number of scans. The 1 H NMR spectrum illustrates the presence of only one ligand environment and also the loss of the imidazolium proton. Unlike the spectra for complexes 2f-2h, the spectrum of the product is sharp, perhaps indicating that this complex is less labile than complexes 2f-2h. by cooling a saturated solution of the product from 333 K to ambient temperature in anhydrous acetonitrile. The solid state structure shows a formulation of (Cu 3 (NHC) 2 Br 3 ) for 2i ( Figure 13 ).
Complex 2i was found to crystallise as a ligand-supported cuprophilic trimer. Cuprophilic trimers with similarities to 2i have been described previously in the literature, [41] although many of these occur as C3-symmetric triangular copper(I) clusters. [42] [43] [44] The crystallised during the slow evaporation of a sample of 2i exposed to air and moisture ( Figure 13 ). It is clear that exposure of samples of 2i to air and moisture results in the 'breakdown' of 2i, forming the helicate 2i'. It is also likely that 2i' is the dominant species in the NMR solvent (with concomitant release of CuBr from 2i) due to the highly symmetric NMR data. Elemental analytical data is indicative of a 3:1 mixture of 2i:2i' in the final product.
The stability of 2i' is a somewhat surprising result, especially given the tendency of copper(I)-NHC complexes bearing non-bulky N-substituents (i.e. allyl) to decompose, reforming imidazolium salts and unidentifiable copper(II)-containing detritus. The formation of a copper(I)-NHC over any other species suggests that the 16-membered metallacycle contained within 2i' is highly stable, even on prolonged exposure to air and moisture. The remarkable stability of 2i' makes it an interesting candidate for use in catalysis. This indicates that non-charge-transfer effects cannot be ruled out, and that low favourable polarisation and repulsive frozen density terms have come into effect.
Conclusion
The coordination of pyridyl, NHC and alkene in one ligand to the same copper(I) centre would result in high angular strain, hence the metal centre instead bonds to a nearby alkene to form a 1D coordination polymer.
Complex 2f is an extremely interesting candidate for catalytic processes in which binding of alkenes to the copper(I) centre is proposed. Furthermore, applications such as separation chemistry, gas purification or sensing, which rely on the reversible nature of a copper(I)-alkene (or copper(I)-carbonyl), could make use of this ligand system. These binding interactions are clearly more complex than simply increasing the basicity of the ligand to stabilise alkene coordination, with both charge-transfer and non-charge-transfer components requiring consideration. This is in agreement with York's recent studies on copper(I)-alkene binding using DFT calculations. [14] structures were solved by direct methods using SHELXS-97 and refined by full-matrix least squares on F2 using SHELXL-97, interfaced through the program X-Seed. Molecular graphics for all structures were generated using POV-RAY in the X-Seed program.
[1,3-Bisallylbenzimidazol-2-ylidene] copper(I) bromide (2a): A Schlenk flask was charged with 1,3-diallylbenzimidazolium bromide (0.42 g, 1.5 mmol), Cu2O (0.43 g, 3.0 mmol) and 4Å molecular sieves. These were dried and degassed thoroughly in vacuo. Anhydrous dichloromethane (30 ml) was added via cannula and the mixture was stirred at reflux for 24 hours. After this time, the mixture was allowed to cool and was filtered under inert conditions. The solvent was removed from the filtrate in vacuo to give the product as a white solid. Yield: 0.30 g, 0.88 mmol, 59 %.
Single crystals suitable for X-ray diffraction analysis were grown by the slow evaporation of a concentrated solution of the product in chloroform. 9 mmol) and 4Å molecular sieves. These were dried and degassed thoroughly in vacuo. Anhydrous dichloromethane (40 ml) was added via cannula and the mixture was stirred at reflux for 80 hours. After this time, the mixture was allowed to cool and was filtered under inert conditions. The solvent was removed from the filtrate in vacuo to give the product as a white solid. Yield: 0.39 g, 1.5 mmol, 50 %.
Single crystals suitable for X-ray diffraction analysis were grown by the slow evaporation of a concentrated solution of the product in dichloromethane. 1 mmol) and 4Å molecular sieves. These were dried and degassed thoroughly in vacuo. Anhydrous dichloromethane (20 ml) was added via cannula and the mixture was stirred at reflux for 60 hours. After this time, the mixture was allowed to cool and was filtered under inert conditions. The solvent was removed from the filtrate in vacuo to give the product as a clear oil, which slowly crystallised on standing.
Yield: 0.24 g, 0.64 mmol, 62 %. Single crystals suitable for X-ray diffraction analysis were grown by the vapour diffusion of pentane in to a concentrated solution of the product in dichloromethane. mmol) were added to a Schlenk flask in a Glovebox. To these was added anhydrous dichloromethane (25 ml 
Text for Table of Contents
Although alkene coordination has been proposed in copper(I)-NHC catalysed reactions, this type of interaction has not been previously observed. By careful ligand tuning, the first alkene coordination to a copper(I)-NHC is reported, which is significant in the design of new NHC ligands for copper catalysis. Our studies indicate that both charge-transfer and non-charge-transfer components have an effect on copper(I)-alkene coordination.
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